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FOREWORD

This document is the final report to be prepared
by the Space and Information Systems Division of North
American Aviation, Inc. under NASA Langley Research
Center Contract NAS1-1630, "Self-Deploying Space
Station'', dated 27 October 1962.
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INTRODUCTION

/1728

The six-month feasiblity study of a Self-Deploying Space Station
(SDSS) concept devised by the Langley Research Center was initiated on
27 October 1961. After a series of configuration evolutions and system
refinements by S&ID, a vehicle was designed which was believed to re-
present a feasible SDSS concept. To further substantiate the feasibility
of the design, the contract effort was formally extended on 27 April 1962
to include the design and construction of a 1/10-scale model of the
selected SDSS vehicle configuration. It was intended that the model be
fully automatic (i. e. self-deploying) and that the deployment mechanism
be similar to that which would be used on a full-sized space station.

The Mid-Term Report, SID 62-191, and the Interim Report, SID
62-658 (three volumes), both previously submitted, present the analyses
relating to the ''operational" SDSS, which was conceptually established.
The primary objective of this final report is to describe those additional
activities relating to the design, construction, and operation of the 1/10-
scale deployment model. It also contains a section describing problem
areas which should be given particular consideration in the subsequent
development of the SDSS.' The model constructed under this contract was
shipped to the NASA Langley Research Center, reassembled and checked
out on 12 October 1962. Delivery was expedited at special request of
NASA; since this was about two weeks earlier than the established delivery
date, S&ID was unable to complete measurements and functionally evaluate
the model to the degree desired. Consequently, a series of recommended
measurements and experiments are included in this report. ! ﬂdf)‘/@/é/
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SUMMARY

The Self-Deploying Space Station (SDSS), evolved through a six-
month feasibility study, is a 150-foot-diameter, all-rigid vehicle, which
can be folded into a compact configuration for launch into orbit by a
single Saturn C-5 (S-IC plus S-II). The space station, illustrated in
Figure 1, is composed of six cylindrical modules arranged in a hexagonal
configuration. Three telescoping spokes connect the modules to a central
hub, which is used as a docking facility for Apollo-type personnel trans-
port vehicles. It also houses a 3200-cubic-foot, zero-gravity compartment.
Each module has an overall length of 75 feet and is self-sufficient in
possessing independent environmental control, life support, and power
systems. Airlocks at each major space station element connection (i.e.,
module-to-module, module-to-spoke, and spoke-to-hub) further prevent
malfunction or accident in an individual element from jeopardizing the
entire SDSS operation. The complete design of the SDSS was based on the
use of currently avaiiable technology.

A unique hinging arrangement enables the space station to be
deployed from a folded launch configuration to the hexagonal configuration.
Several small (1/50-scale) manually operated models were made to
demonstrate the concept. However it was realized that a larger, more
precise, automatically deploying model would be required to substantiate
its practicability. A 1/10-scale model — small enough to be built at a
nominal cost, yet large enough to avoid the necessity for miniaturized
components — was subsequently designed and constructed by S&ID under
an extension to the basic feasibility study contract.

In designing the model, no attempt was made to duplicate those
aspects of the SDSS not pertinent to demonstration of SDSS kinematics.
Therefore, the framework of the model does not resemble the multiwall
structure previously recommended for the SDSS, and it embodies none of
the functioning systems of the space station other than the deployment
mechanisms. Component dimensions, hinge positions, actuator locations,
etc., were established with low tolerances so as to yield a precise unit
that can be used to provide realistic design parameters. However, no

analysis has been conducted to establish the necessity for tolerance
restrictions.

The model is composed of six aluminum modules (1 foot in diameter)
hinged to form the desired hexagonal configuration. Three aluminum,

- 3 -
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75 FT
— 5FT

5 FT

Figure 1. Current SDSS Design

_ 4 -

SID 62-1302




NORTH AMERICAN AVIATION, INC. SPACE and INFORMATION SYSTEMS DIVISION

two-section telescoping spokes connect alternate modules with the hub as
in the conceptional SDSS design. The hub is composed of a heavy steel
plate upon which is mounted the spoke actuation mechanism; a light-weight
fiberglass fairing forms the hub contour. Another fiberglass fairing is
used to represent the interstage between the SDSS and the S-II booster
stage. The 700-pound model is supported from a tripod structure by an
electric hoist, which enables it to be raised or lowered for convenient
maintenance. The 1/10-scale model of the SDSS was constructed in
accordance with detail design drawings and specifications produced by
the Space and Information Systems Division. A series of photographs,
showing the model in various stages of deployment, is presented in
Figures 2 through 10.

Since analysis indicated that precise symmetry was required for
successful model deployment, all motions of the model components are
fully and uniformly controlled. Twelve identical, electrically driven
screw-jack actuators in the modules--two at each joint--provide the
necessary 'coordinated' module motion. A heavy spring connected to a
cable and pulley mechanism ensures that all three spokes remain at
equal lengths throughout the deployment cycle. The angle between the
spokes and a vertical centerline through the hub is controlled by three
actuators--one for each spoke--which are identical to those used in the
modules. The motors in the electrical actuators are not synchronized;
however, they are designed to operate at a rate which will not vary by
more than two percent among all fifteen actuators if the design load is
not exceeded.

The screw-jack actuators are similar to those which control the
flaps on commercial jet airliners. They were designed and constructed
under subcontract to S&ID. The module actuators carry a load of approx-
imately 80 pounds, while the spoke actuators carry about 830 pounds.
Eighteen actuators were procured so three spares would be available.

All actuators were designed to carry 1000 pounds of load, with no reduc-
tion in motor speed. The duration of the operating cycle was specified

as 120 seconds. Due to an unexpected efficiency loss in the gear train,
the actuators as originally built did not meet the load specifications.
Consequently, it was necessary to place ballast in the hub to reduce the
spoke actuator load to about 500 pounds. While this enables the model

to operate satisfactorily, it is not believed to be an optimum arrangement.
Therefore, six of the actuators are being modified at the subcontractor's
expense to meet the original specifications.

The model operation is controlled from a small console by a simple

toggle switch. Each actuator is stopped independently by microswitches,
installed at appropriate locations near the actuators, when it has traveled

SID 62-1302
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700-98-151

Figure 4. Deployment Sequence -C

SID 62-1302




NORTH AMERICAN AVIATION, INC. SPACE and INFORMATION SYSTEMS DIVISION

Figure 5. Deployment Sequence -D
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700-98-153

Figure 6. Deployment Sequence -E
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Figure 7. Deployment Sequence -F
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700-98-155

Figure 8. Deployment Sequence -G
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Figure 9. Deployment Sequence -H
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700-98-157

Figure 10. Deployment Sequence -I
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a pre-determined distance. A reverse direct current is applied to the
motor armature to prevent over-run. After the deployment cycle is
completed, the operator can reverse the switch, permitting the model to
re-fold itself into the launch configuration in preparation for the next
deployment cycle.

The first deployment of the model was successfully demonstrated
on 27 September 1962. An additional sixteen deployment cycles were
accomplished by S&ID before the model was shipped to the NASA Langley
Research Center on 5 October 1962. S&ID believes the model has ade-
quately demonstrated the practicability of deployment of an all-rigid
self-deploying space station. The 1/10-scale model, in conjunction with
the earlier six-month feasibility studies, has led to the conclusion that
the SDSS is feasible and can be made operational in the 1966 time period.

To provide more detailed data for use in the design and development
of the deployment mechanism of a full-scale operational SDSS, it is sug-
gested that several experiments be performed and measurements taken,
using the model at Langley Research Center. Of particular interest would
be a determination of the fewest actuators required for deployment, the
amount of asymmetry to be tolerated before joints bind, and the actual
loads on each actuator. Other experiments of interest will be described
later in this report.

- 15 -
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1. TECHNICAL DISCUSSION

MECHANICAL DESIGN

A 1/10-scale model of the recommended SDSS configuration was
designed and fabricated to demonstrate the general feasibility of the kine-
matic concept and to investigate deployment system.prob'lems. Close
coordination with NASA was maintained throughout the program to ensure
that the model design would be appropriate for the intended purpose.
Emphasis throughout the design and fabrication program was on obtainin~
and operationally suitable model at minimum cost, Design, construction,
checkout and delivery of the model were the responsibility of the contractor,

and were completed on schedule,

REQUIREMENTS

The requirements adopted for the model may be divided into three
catagories: design, environmental, and operational. Some were funda-
mentally necessary, some were dictated by the intended purpose of the
model, and some were arbitrarily selected for practical considerations.
A listing by category, along with pertinent comments regarding their
philosophy and implications, is presented in the following paragvaphs.

Design Requirements

All primary structural and functional parts were constructed of metal
as specifically requested by NASA. Increased durability and dimensional
stability of metal construction were considered to justify higher cost.

External geometry of the hub, spokes, and rim modules was designed
to scale. This was considered necessary for the demonstration of physical
clearances.

Primary kinematics — hinge locations and travels — were designed to
scale. Preliminary investigation showed this was possible if weights were

not allowed to become excessive, and it is obviously desirable for the
intended purpose of the model.

- 17 -
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Internal structure and mechanical elements were not designed to
scale, but were applicable in principal to full-scale design where practical.
The preliminary status of the full-scale design, plus environmental differ-
ences and scaling effects, dictate this requirement.

A minimum ultimate strength safety factor of two was established.
This was arbitrarily chosen as a suitable margin of safety.

Environmental Requirements

The model must operate under normal gravity environment. Although
undesirably different from the zero-gravity deployment requirement of the
full-scale space station, this is obviously required for the model as
conceived.

The model must operate at room temperatures and pressures.
Demonstration or testing of temperature extremes, vacuum, or corpuscular
conditions of space were not, by definition, within the scope of the model
program. Intended use of the model by NASA was limited to indoor labora-
tory conditions.

Operational Requirements

The model is required to be self-deploying and self-folding, with
single-point overhead suspension. NASA agreed this manner of operation
was best suited to the intended purposes of the model. External !''puppet"
cables to minimize actuation requirements and partially compensate gravity
would benefit the actuation system design, but would result in reduced
demonstration value.

Operating time must be reasonable. The main considerations were
actuation requirements and use of the model for demonstration. Excessively
long cycle times would likely detract from the demonstration value; exces-
sively short times would result in a highly impractical actuation system
requirement. Preliminary investigations resulted in acceptance of a range
of 1 to 5 minutes as reasonable; the final choice was 2 minutes. An
operating time for the full-scale station has not been established, but cycle
times as long as 30 minutes might prove optimum. From the standpoint of
visual similarity, time scaling proportional to dimensional scaling would
apply.

No sealing, locking, pressurization, or dynamic (spin) provisions are

required. These aspects of the full-scale station were, by definition, outside
the scope of the model program.

- 18 -
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ANALYSIS

A general analysis of the kinematics involved and the actuations
required is presented below. Detailed analysis of the systems employed
is included in the section on design.

Kinematics

The kinematics of the concept involves five sets of articulations: the
rim-hinge rotations (twelve); the spoke inboard-hinge rotations (three); the
spoke outboard-hinge rotations (three); the spoke-to-rim swivels (three);
and the spoke extensions (three). The first four sets comprise two kine-
matic identities — that is, the rim-hinge rotations and spoke-to-rim
swivels have identical in-phase motions, and the spoke inboard and outboard
hinges have identical in-phase motions. Thus, there are only three
independent motions involved in the kinematics:

1. The rim-module rotation
2. The spoke rotation
3. The spoke extension

Quantitative insight into the relationship between these three motions
can be obtained by relating them to the travel of a common point in the
system. Because the rim-element ring and the spoke cluster are recog-
nizably two separate physical structures, the interconnecting point between
them (the spoke outboard-hinge point) is a logical choice. (Only a one-third
segment need be considered, as the kinematics is hexagonally anti-

symmetrical.) The condition of identity is the horizontal travel of this
point from the center line.

In defining the relationship of the three basic motions, three geometric
anomalies of the system must be noted:

1. The kinematic center lines of the spoke and rim modules (lines
between hinges) are not parallel to their goemetric center lines.
Thus, although the geometric center line travels are 0 to w/2
functions, the kinematic center lines are not.

2. The kinematic center line travels of the spoke and rim modules
are out of phase with each other by approximately 11.1 degrees.

The rim motion is leading.

3. The spoke extension motion is along its geometric, rather than
kinematic, center lines.

- 19 -
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The resulting functions necessary to define the three motions are
these:

d = horizontal travel of spoke - rim joint

@ = Rim geometrical - center lines angle from vertical
@' = Rim kinematic - center lines angle from vertical

B = Spoke geometrical - center lines angle from vertical
B' = Spoke kinematic - center lines angle from vertical

e = Spoke extension

e = horizontal component of spoke extension

Plots of @, B, and e v.s. d for the two extreme modes of spoke angle
extension are shown in Figurell; plots for the special intermediate case
of spoke and rim angles equal are shown in Figure 12.

From an examination of these plots, the relationships are seen to be
generally nonlinear, but with one degree of freedom which permits an
arbitrary variation of their relationship, such that, for one particular
variation(Figure 12), the spoke and rim module rotations can be linear and
equal.

Actuation

Synchronized actuation of at least one articulation of each of the three
basic motions is necessary for self-deployment, which can be understood
from the following considerations:

A condition of zero mechanical advantage of both the spoke rotation
and telescoping motions over the rim rotation exists near the full deployed
position, such that only actuation of rim hinges or rim-to-spoke swivels
can complete the rim rotation motion.

A condition of zero mechanical advantage of the rim rotation and
spoke telescoping motions over the spoke rotation is approached at the full
deployed position, such that only actuation of the spoke inboard or outboard
hinges can complete the spoke rotation motion.

- 20 -
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A condition ot zero mechanical advantage of the spoke rotation and
rim rotation motions over the spoke extension exists at the fully retracted
position, such that only by actuation of the spoke extension can its motion
be controlled.

Internal instability of the six rim modules due to torsional freedom
inherent in the hinge link system requires that the rim module hinge articu-
lations (6r alternately, the three rim-to-spoke swivel articulations) be
synchronized in all positions. If synchronization of the rim-to-spoke
swivels were employed, synchronization of the spoke outboard hinges near
the retracted position would be required for complete stability.

Relatively low equalizing leverage is evident for both the spoke-
rotation and spoke-extension motions in all positions. Self-energized
binding, below a critical threshold value, similar to the binding of a
drawer, would result in stalling of the system, or structural failure. The
critical threshold depends on the structural stiffness, articulation friction,
and mechanical leverage of the system, and would be determined accurately
only by actual test. The problem can be avoided by assuming the need of
synchronization of these motions.

The actuation system selected for the model incorporates: synchro-
nized actuation of all twelve rim hinges, synchronized actuation of the three
inboard spoke hinges, positive control of the spoke extension from the
retracted to approximately mid-deployment position, and synchronization
of the spoke extension in all positions. From investigations to date, it is
believed that this is also representative of the type of actuation provisions
required in the full-scale station.

DESIGN
Significant aspects of the design procedure, including the important
alternates considered, the designs selected, the reasons for selection, and

supporting data, are presented in the following paragraphs.

Structural and Mechanical

Initial iterations between types of structure, associated weight, and
resulting actuator loads were performed to establish a design base point.
Simple thick-walled tube construction was discarded in favor of thin-walled
monocoque design because of excessive spoke actuator loads. The selected
base point structure and weight breakdown are shown in Figures 13, 14, and
15.

- 23 -
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CENTER TUBE ?
FRAME |\ < 12
SUPPORT WEBS (6)
OUTER SKIN 25.4
. RINGS
\\
X .
)ﬁ N
BULKHEAD 15—

@ ’ \

! 39.5

ITEM

SPACE and INFORMATION SYSTEMS DIVISION

FITTINGS (HINGE, ACT, ETC)

POUND WEIGHT

CENTER TUBE (0.032 AL) 0.032 X 15X m X25.4X0.1=

QUTER SKIN (0.032 AL) 0,032 X (0 X 7 X13.4+20 X T X 12) X0.1 =
SUPPORT WEBS (0.032 AL) 0.032 X (8 X 12 +9X6) X0,1 X6=

FRAME (0.040 AL) 0.040 X5 X 17.5X T X 0.1 =

BULKHEAD (2) (0.032 AL) 0.032 X 8.22X m X0.1 X2=

RINGS (0.1 ALANGLES) 0. X1.5X72 X X0.1 =

FITTINGS (13@ 0.35 LB EA)

MISCELLANEOUS (STIFFENERS, ETC)

TOTAL

Figure 13. Preliminary Weight Estimate
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ACTUATOR
BRACKET

REINFORCING RINGS @
HINGE BRACKETS

P<m

ACTUATOR
HINGE

ITEM WEIGHT (LB)

TUBE (0.032 ALUM.)
12X 7 X82.5X0.032X0.1 10.0

RINGS (0.125 X 0.8 X 0.8 ANGLES) (4)
0.125 X1.5X11.5 X7 X0,1 X4 2,7

ACTUATOR BRACKET (0.18 ALUM. CHANNEL) (2)
0.18X3X6X0.1X2 0.7

HINGE BRACKETS (0.18 ALUM, CHANNEL) (2)
0.18 X7 X6 X0.1X2 1.5

HINGE (ALUM, WELDMENT)
0.18X4X3X0.
0.4X1X7X0.1
0.5X0.75X2.5X0.1
0.25X2X3X0.1
0.1 X4.5X4,2X0.1

SUBTOTAL 1.0

K onononn
[=R-N==k=]

ACTUATOR (2)
082Xy X3X0.1 =060
0.82 X7 X3.5X0.3 =2.10
0.52XwrX5X0.3 =1.20
SUBTOTAL 3.9X2 7.8

TOTAL SEGMENT WEIGHT 23.7

Figure 14. Preliminary Weight Estimate - Module
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HINGE BRACKET HINGE SWIVEL SWIVEL
SHAFT

SKIN

TRACK

FRANME

SWIVEL
@SUPPORT
/}y F -\IRING—/.@
£ TUBE
< OUTBOARD SECTION

N TUBE
f
LATCH ROLLER

HINGE
ACTUATOR RING ROLLER SUPPORT RING

INBOARD SECTION

POUND
ITEM WEIGHT

QUTBOARD SECTION

SKIN (3) (0.040 ALUM.) 6 X X 30.5 X 0.040 X 0.1
TRACK (3) (0.1 TEE) 0.1 X2.3 X 28 X0.1 X3
FRAME (6) (0.1 STRIPY 0.1 X 0.8 X 12X 0,1 X6
RING (2) (0.1 X0.8 X0.8 ANGLE)0.1 X1,5X 4,7 Xm X0.1 X2
HINGE BRACKET (2) (0. 15ALUM)0 15X 3X3X0.1X2
HINGE SWIVEL (ALUM ) 1, 252 X 7 X 0.1
2

SWIVEL SHAFT (STEEL) (0.125 X 1.4X 7 X4 +(2X2X2.2-0.75" X m X2.2) X0.3
SWIVEL SUPPORT (ALUM.) 0,063 X 5 X6 X 0,1
FAIRING (ALUM.) 0.063 X 32 X 7 X 0.1

cCOoON NOOO—=N
Vo Dwuoerow

—
o
o

SUBTOTAL

INBOARD SECTION

TUBES (0.06 ALUM .} 0.06 X6 X 7 X 35 X 0.1

HINGE RING (0.10 ALUM.,) 0,10 X (6 X m +9) X 4,0 X 0.1
LATCHO.8 X 1.7 X0,7X2X0.,1+0.1X0,4X7X6,3X0.3
ACTUATOR (SAME AS RIM HINGE)

ROLLER SUPPORT RING (STEEL) (2) 0.25 X 5.8 X # X 2.5 X0.3X 2
ROLLER (6)(ALUM ) 0.3 X2.5X1.,5X0.1 X6

OO0 WO — &
w®o®ouL=—o

~

SUBTOTAL

TCTAL SPOKE (EACH) 27.1

Figure 15. Preliminary Weight Estimate - Spoke

- 26 -

SID 62-1302




LB

N

ARTRN g

Z0€1-29 dIS

|N.N|

2I® suorjow 9S3Y} JO SUOIIB[NO[B)) ‘$O13s1I9}deIeyd Jurads dn-oe)

oy3 smoys g1 @and1 g - L] 2Indr g Ul UmMOYs 9I® ‘[9ABI} I0jEN]dO®R jsurede

panrord suonjow dnayel Surids pue INopasy 91qed 2aY] YItm Suole ‘suorjow
uoIsSualxs oyods pue ‘uoilelor 9Mods ‘UOIIBIOI WII wcﬂ_ﬂpmmn Syl

9T 2anB1q ut
umoys se o9x®e sharnd INOpPoaJ 2]qedD pPUB SIOIBNIDE SY] JO SOIJBWIDUIY pPaIIe}ap
2yj ‘poauryel A[[eUl] SY °Pasn 2q 01 swalsAs oy} se pajdope axom Loyj os
‘UOTIN]OS I93}9q OU PI[EBIADI PUB ‘SUOTIIOUN] UOI}eN}d>® paiinbar ayy warojrad
01 swajshs omi 9y} JO AIITIqEIINS 9Y] Ul S910UedaIDSIP OU PISO[ISIP SOIPNIS
1ayling -orqissod 2q 03 punoj aIam 31240 ayj jo jxed (palojdop aeou)
1eO131ID0-UOU 9y} }B UOIjoW [BIJUSIJIIIP Jo dn-oyel pue uollezijenbos ‘sferxreo
papeol Sutads uowwod ® 03 axods Yyoes woly sa[qed ayj Suridosuuod Ag

‘1IN0 payIom sem ‘9124AD oayj Jo jxed (pomols Ieou) [eOIITID Y]

yBnoayl uorsusixas axods jo [0IjU0D 2a1iIsod Jo ajqeded pur ‘uorjowr 2ods 21}

WO IJ USATIP ‘Wd}SAS JNO-paaJ 2[qBO B ‘UOIJOW UOTISUIIXa-3ods xeaurjuou ayj

Iog -‘siojow o-e (di[s oIsz) paydol-aseyd ‘Aousnboij-juelsuoo jo sueaw Aq

UOTI}BZIUOIYOUAS YIIM ‘pPoasn 9q P[NOD SIO}eNIDE [BIIIUSPI jeY]l Yyons ‘ajqissod

Sem SI0lenide Jo S$195 Oomj} oY) usamjiaq Jurreod Ajrun pue Iesul] ‘SOIIRLUIULY

103enioe aYyj jo jusawaduerie 1adoxd Ag -soaldury ayods pue wiil a9yl je

2oeds 9]qeE[lRA®R PUR SPRO] [9pOW 3Y} IoF 2]qises] 2q o} poieadde pue pajesd
-13S9AUL 91om siojenide adA] (Moelmaxds) resur] usarap A[[esrI1dolyg

-wiexdoxd ay3 jo o2doos ayjl puolkaq 2q 03
PoJIopISUOD Sem walshs paf[orjuod-Asusanbaay e jo juswdoisadp ‘osiy (8 1)
SUOTJIPUOD PEO] UI 2DUSISJJIP PuUe S3103FJ2 BUlledS 03} anp ‘o[qelivae 2deds
oY} 10J 981e] 00} 3q 01 PuUNOy aIam srojenioe 2dA) Ax1'jol ‘Isaamoy ‘Japout
ay) X0 -uoT}eZIUOCIYOUAS pawwexdord a2xnbal p[nom UOTIOW UOISUIIXI
oyods a9y Ajuo ‘snyj {AjTun pue IeL2UI] ST SUOCTJOW 9¥ods pPuUr WII UDIMIaq
Butxzead oyl 21oym ‘pohordwo aq pmom 7] 2inSIJ JO 2POW DIJRWLUIY 93U}
‘A11espr (21 pu® [ s2andi ) suorjow d>Iseq 93IY} 2y} usamiaq diysuoije]al
Uo011eZIUOIYDUAS IBIUITUOU 3Y] 9JePOWIIODDE 0] SUBIW SY] YjIM ‘UOT}

-enjoe aydwiis A7ieanionils pue ‘joedwod ‘Iydi] sapraoxd wialshs syl

*suotuid
pu® MoeI YBNOIY] UOISUIIXD 9ods oYj] 2ATIp pInom pue ‘safuly wiil pue oyods
oyj ut A[Tea8sjur pojunowr aq piNom SIOjenjdoe 9YJ, ‘UOI}EIS 9ZIS-[[h] 9} I0]
a[qeIIns jsow ayj 9q o3 sieadde ‘poyjorjuod Aduonboxy pue usarap ArEd1I]
-0972 21® YoIym ‘siojenidoe adAj-aesd ‘d170hdids ‘Axejoa Burdordws wroisihs
v -wolsds azis-IIny ayj o3 Aj111qesijdde Inyiqnop Jo asneoaq paidafox sem
‘{opow 9yl I07 o[qeims Apjuaredde ydnoyire pue ‘pajefnsaaurl sem (Juriyeys
I0 S31qed YySnoiyjz) I0jowW [BIJUSD B WOIJ UOIIEN}D® USALIP A[[EDIUBYDON
-swaTqoxd UOT}BRZIUOIYDOUAS STOTAQO 93U} JO asnedaq pa3dofor aram sIolenyoe
S1NeIPAY [ENPIAIPU] ‘PIIDPISUOD 9I3M UOTIEN}OE® JO SPOYIOUL STIOTIBA

NOISIAId SWALSAS NOLLVIWHOJINI PUB HOVIS @ "ONI ‘NOILVIAVY NVOIHdIWYVY HLMON




SOIZEHWINH SOLELN THOS (rmworeso p-843)

(21002 2] oo €207 .
AZ7704 2-€6/202 SH ~—

SOLY AT 77502
LROGPTS FH(SS

20

SLYHINH YOLWNLIY VY

(rar aamoss)

2 27008
N

¢0eT-29 IS

5 A

.

YOs4y,

7 ”"ox_;j

2y ‘?

~=— B oL 584"

+

S IHOILS
Y OLKNLIV

§OTjRWAUTY] UOTIEN)Oy POTTe’dd §Sds ‘91 @anSig

(507 cimors)

ya LowS 90

SINOXLS
FOLYOLIN

SLEE

NOISIAIA SIWHLSAS NOLLVINHOANI PUB HOVAS

/ (S0r oFoNILX7)
B 770008/

‘ONI '‘NOILVIAVY NVIOIM3INWY HLION



20e1-29 dIS

- 191 -

19A1Tmg 9yodg anpoN Wy - Summesq fIomay 98-¢QlL Summeiq

1SN Sl¥vd O TVIMIIVW 40 iSN (v} ]
§ON S¥INAINS 'SALON 'SIZIS ~ VWLV AN3QI | NOLLJINOS3A ¥0 ‘ON SNIAJLIN3QI 3 1003Y 034 a0 Jod3y [ad3y|
NN NOLYOISID3S VIvD 3000 | FUNLVIONIWON HO_Livd ALD JAID {AID fAD | ALD | ALD T
100 89 —/S~BY. oy Wx(\kk ‘' | &~ 1€
20 Vivvo Of NOL X ut~ % ’ S- 12 AR, ~ P-26@-209 /vp
0| wvoes gy > v ] s oy roxz L~ i& e e e
Phws ] - -.
Yoo Q“LNIK('N\NNO“\. Tl SEO 2Ry |~ i 84 Auwm2 !wb!h.\\\‘k
%00 3 ] BBDG s EWION B (S bE g TIID ~
20 3 ] e 10 L NIImi—eoe
w00 3 3 T -
%00 ]
0
o10
1o
f4(] E
T WL Ll nﬂ\g@
"o 1 ; Ao S NDONMRD
$10 p b AR SYWssry Epp-rS SO, }
) 3 E X .
L0 E ] H ~ N\ e
] ] " e — B
10 E ] ; y i
- » 7
e ] 3 i \ ]
[ ] 3 ] m \ |
M / .
: i '
| o
; 17
; ]
(7+wos) -7 5-80/L Eoovroy crey GiZ
i -7
y A= .4 TLVRSY L~ > TrAFCE
i
;
AR/ FRRY )
- |
. Y -— e
()2 Bt Cpr—/5-EUL P FrOW 0T L5 vy " *N
PO v SV I SRR F I !
- |
53
3 %O 30V SN S (etr-rS-VL rv FawD 702 T) xg
9 ’ i 1
|| mommssory oo oun @ 0 e e o iy e T VAT p
e A NOLLHSIS30 WAS
SNOISIA3Y

0\
ZC.,L..::,r.._mm::ﬁ.wmZC..;.‘_/.EC,,_./‘_o:xmuﬂmm @\\_ .UZ_.ZO_._'<_><Z<U_mws_<I.rmOZ

\




LSIE T¥D

(sutINQ) 1eDTIIO3[F 1BSUVT - IOIBNIDY 7G-M .79 Sumer(q

R I

(INo>) 53N
4,086l 05+ dWYL BNTIVE3I40- 2

S$IVAUIINT LrNiw &
IV 537347 aWow1s W3 03¢ EETA

(S 300N _al_15379fS_WSINGWWINAS } D35 023 021 'NOILI3ul
d4IN03 N INOMLS YNJ IAOW Qi SHOIYAIW T 30 Wil -8

1d125M L2 WiM IINVONOIDY NI 01531 36 o1 LINRE -6

SAIWIUNS CILNVand DL 35¢T86 AN IVanNIFFEE
TEAY ANEV="Y VN LY ABWaSTr Ty N ur AN VI RBT

IV TG IC CL (S AIWaANAS NTAYANKL LA 33FI, =SIN 4 YNHIL13 . O

RIONIT  QIONALX3

Zemeea

$910N
ON Ldva du0> $I0HINDD GILvOMOSNUD A6 WiOWl |

TUAVASSP yiamod TWNINON
§d2 o
Hwnd Fiany

1SNONGBIWINYE ) -
AL SISIBAUSAH WOLOW -&

NOISEIga WOY v BT 007

TNOTSRI: N 8T 000 IR0 -»
TNOHIS N %G G awl N %e

D4 NGITIWMITY 40 NOIGNTING NI T3W0MIS  Tviisva 8O Wnd

Qv L0001 2L 4 WOl ATWOUNIG WHOIW I o) SweVIIN T -G

isniay s2° t

$30vid 2
JI0H ¥iQ 252~

SPACE and INFORMATION SYSTEMS DIVISION

S30v Iy 2
BNTHEND

p

ToALAIN LSTXT SawTT O ARG
FAVH I AN WOILWIOY FSIMIT 0L
oILbIoN Fibig D O HIN OvF

IIWHS oMiwS PEIIANSITTS SILAED THCILGIOS

SIIVAYR3S TWOISIOTT?

EO 7=

[ Gz El

HIINTT YI5veiTe

sz -

I S |

LEAFaV G2 —ei —'
—

N (dAZ)
-2/

ELE

\ﬂ O,

e e
ooTe FOAL BLGI Y HIeT -
SGe37 HisWT 7 vim JFE ¥os e

S

L7705 —wd

NORTH AMERICAN AVIATION, INC.

- 151 -

SID 62-1302




SPACE and INFORMATION SYSTEMS DIVISION

NORTH AMERICAN AVIATION, INC.

(P21TRIS(T) TBOTIIOS[H 1BIUNT - I0JENIDY V7G-ML29 Summei(q

o LT iEvOmLLI

AL12V70 207
TFAONFY FFA0>

M3

PTTWoT

NOILDIS P FuizoawdD

—
1SILONY

GAF HLIPT FSi113 61 WILT 1335 "@NH oIt
ARV xomaat Tl 307 BT BeT Wil yFI Fid [ 15N/ el

GrH Hi HEATT 91 WILI 13 FSIV P2 WILI IV

STOH I PIo oms FL6ICT 2 B 55 WLl PEHL ¥id (28 115aNg 9

GAH MLIPT HSO T4 B WFL 1¥FSrI T2 3Ll D
930 T GIE PG WEAT BRI T BE F L2 WILI NAHL VT RS iaﬁ@o

GH RLIA FEATA 81 WALI 183N 92 Wil Ni Tisd ans
¥Ia Ov0 WONH F1vICT TLIVHS ¥CIOW # 97 WiL! NHHL VIO 189 1iWd @.@
G wELI WO SavIFHL TL (311L507)
SEWILT ATaat Ofve @i/ 6Z- 22 o4 ot W3LT INDHOL @

AL5 P AbbcS TA-ATONW HLIP SAYIFHL

MIHIC FAINT 3 WIVIL Hv3FS Fib SING/TT 9
T Ty p Bertizo sV L¥VS
EE-£71L 8/Y 1¥d HFWOLSND
NSLWOIoY

1 VIbd LG ISTIETY FITELS qmw»w&w

7
\ : /
,

Y7
-~

< /

-

2 4M s.m
3

22>

=i
ST

AV

TYIYILYA 30 1SN |
TR o e = [ owon
ASSY OLvnio8)  2sMLZIAG)
4
£
4
ASSe Adog| iovzsMmizo|dl ¢ |1
ASSE LNN_FAINA| 20¥25ML29| 8] 2 | 1
_ SSY MY IS INIT HIVIVIEOY25mL2 7 8] L |/
NIEIS I H3Ln0| 10T 25z &) 8 |/
1 Fao| 2oazsmezo| v| €7
732¥vEl€0azsMizA | Of [ 1
2¥39 IS -¥IVaS| poazerLzo| ] 11
NINYL Wv30 Lmsicodzs MLz o[ @l 2/ e ‘e
W0 -ond| 9 ra2smeed| V| E1 |7 'Y
XOB Xp39-¥3A00| Loqesmted 2| ¥ ]
YIS|BeazsmMizA vV G/ |2
X207- Vi 60T 25MLZIA V| | T
WO - 5F0Ke S| OId 25 MLZA V] L1
y/YSs 3| ¥id 0| siE0-0-G10€¢ - | B [ v
b/YS 3 fvid 1708 €5 -1 6711,
20747 MIYISIU-ZECSYIEN] -1 0Z [ #,
"D IMI NOAYE T Y XHCAS 2OLOW| 391957209 - i2 | /1]
VIS oYMV, opsal -lzz1/
E %) /v 2o 75| Iped| -lez| /]
Wont-5v30| v\aesmezs|l | pz (2] | @
227N WO -2 elazemied|d|se| ] | |9
oNI1AFLS XS -dvFol  w2-p23 -|221/] !
dndS -ar3T| 21a3mie|g[L2] 7, (]
NIOAN MIHIS | RECERSVIEM - 82 2|
FivId I e Halv| 62! /|
Lo~ sidasmezs] STog[1! | '®©
2ZHSEM| P 0%/ | TE | #
SUlYE TS VAT | VY TS FLILDOT| _AD a0 - | 2€ %,
FAISTAFI S| - OOSESNY - |EE | P
HOLOW-LO S| HAZSMLZ 8 [ PE| |
MIYF%5 135 | EHONSIENY nJ RN ®
137139 NOWAN| £1Q8M LIV | 1€ 1
4
M T
| : 1 -
) W
<2 - —
~ %&;\\
2

XXX XX % %NS %

ALTITLLL 7T 7T T L

AN
. N

~.. [ e (3408 AG08 30 woLlod
~ AuvMOL) QUYMN NIV
- €2,— 1015 ONIMI3 HLIM INIHO @

i

A

QM.MN.*

152 -

SID 62-1302




1STOH P2jUnoy aseqg - Suimerq uorledryrdadg (06-¢01.L Summeaq

1S1T Si¥vd ¥0O Wiy3lvW dJ0 ISN |
"ON SY¥3INddNS 'SILON 'SIZIS IN3QI | NOISdINDS3Q HO "ON ONIAJILNII ad3y [ad3y jadb3ujadbay [adb3y [ad3Iu|
aNn NOILYDLJI034S ¥1va TR 3000 | 39NLVIONIWON 4O Livd ALD [ ALD [ AID | Ald [ ALD | AID
100 3 3
200 3
€00 E
00 9 N
o
00 E A
=
GEOP OESBP UND |
(198 mowes) A o lg v 9 ~
CI POV BOD LI OZDFK 7 oD 2 PREARIETA Y Rt » Nel
AED FIOD P BV IPICD  IICAIP NN O ALt S )
[}
2]

WOO, ALDIVR IND OIS,

ED SVEIGsAICE LIBICNY Lt AIYNA
N OFC WDy TE AV F _ %
IS adap P T o - J
"o“ — W :

P LA P Vil VD AT

i I
Al (48 > D) Bur R i/ WD By, O s S " | B
Q&;‘i\\\m ‘D PIeeee AR A 7 &
‘.00\ AdrDVernD —
i

l'\{\
NOMPNG Lrber ] IAIBR DN

FAPIE=D TORLr D= WTY O LAy ! Wi/

(Paths /ewsv OPBCI D POW LIRS IOULALD

IRVCy IVEVAUG, Gl LDPLINRTD AdPVEIVGOV Y
roSL e

Frois o ‘seerva § NezZ2
oLopY

SYVO/ILI DD/ =dl TP Y e

NORTH AMERICAN AVIATION, INC. @ SPACE and INFORMATION SYSTEMS DIVISION




NORTH AMERICAN AVIATION, INC. /@ SPACE and INFORMATION SYSTEMS DIVISION

EXTENSION TRAVEL (IN.)

70

[
2]

I

—
o

e ®
RIM AND SPOKE ANGULAR TRAVEL (DEG)

|

Figure 17.

_— CABLE-TRAVEL

SPOKE
ANGLE

SPRING

\

W

QO EXTENSION

SPOKE EXTENSION

I l | |

i 2 3 4 5 6 7
ACTUATOR TRAVEL (IN.)
Rim Angle, Spoke Angle, and Spoke Extension Versus

Actuator Travel

- 29 -

SID 62-1302




NORTH AMERICAN AVIATION, INC.

LOAD (LB)

SPACE and INFORMATION SYSTEMS DIVISION

200
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/
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e
20
0 \/ | | |

2 3 4 5 6 7 8
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| | l | |

Figure 18.
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Extension Cable Takeup Spring Characteristics
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presented for reference in Figures 19 and 20. Figure 21 shows the over-all
kinematics and tabulates the actuation loads at intervals through the travel.
Final physical details of the actuation system are as depicted in the working
drawings.

A counter-balancing system to offset high spoke actuator loads
resulting from the effects of gravity was recognized to be desirable.
Counterbalancing of the gravity effects is also desirable from the standpoint
of closer simulation of gravity-free deployment of a real station. A cable
system, contained within the envelope of the hub, and utilizing the model's
own weight for the balancing function, was devised and incorporated in the
model design.

The cable system supports the model at a point on each spoke, with
the rim mass outboard counterbalanced by the hub mass inboard, so that,
in principal, the spokes become balanced beams. Loads, with and without
this system for a range of hub weights are included in Figure 21 for com-
parison. Optimum counterbalancing is seen to require a relatively high
hub-weight.

As a result of the counterbalancing requirement, minimal hub weight
was not an important factor in the design. Advantage was taken of this
circumstance by building the basic hub of a ""boiler plate' construction,
resulting in minimum cost and complexity, and maximum accessibility to
the mechanism it houses. External hub geometry is provided by a readily
removable non-structural cover.

Design of the spoke and rim hinges, and the spoke to rim swivel, did
not present any particular problems. Loads are small, with hinge-pin
sizes being selected by practical considerations, rather than their strength.
Plain bearings are used, with the provisions of replaceable bushings, if
wear should prove a factor. Fittings, machined for accuracy, are generally
of aluminum for minimum weight. A post to attach the actuators and pro-
vide equalized motion of each joint about its two hinges is required on the
rim hinge-link.

The spoke extension is guided by two sets of three rollers, mounted
on the inboard (outer) spoke section, and running in three tracks on the
outboard (inner) spoke section. The splined action provided by the tracks
is necessary to the deployment kinematics. The tracks are provided in a
simple manner by six strips riveted to the basic spoke tube. The rollers
are mounted in six identical fittings, so arranged as to be adjustable in and
out by shimming, for good fit. This arrangement provides for an internally
accessible seal design and is considered representative of the system
required on the full scale station.

- 31 -
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13.10
- . | EXTENDED |=-7.85
FOLDED
90.00 82,098 / TOLDED !
82.098 | — — 48.775
81.046
S /\
Y ¢ ~—6.40
1.9°
_ , - 1.45
71.099 d=71.099 SiINa o]
o a d Ad B B C AC e e
o° 9.2° 11.345 0 0° -1.9° -1.450 0 0 0
6.5 15.7° 19.239 7.894 10° 8.1° 6.17 7.621 0.273 1.572
13.8 23.0° 27.781 16.43% 20° 18.1° 13.607 15.057 1.379 4.032
21.8 31.0° %.619 | 25.274 x° 28.1° 20.6% | 22.080 3.194 4.388
35,2 44 .4° 49.745 | 38.400 45° 43.1° 29.927 | 31.377 7.023 9.932
50.0 59.2° 81,071 49.726 60° 58.1° 37.184 38.634 11.092 12.808
60.9 70.1° 66.854 55,509 70° 68.1° 40.638 42,088 13.421 14.282
73.4 | 82.6° 70.507 | 59.162 80° 78.1° 42.858 44.308 | 14.854 15.083
%° 99.2° 70.188 | 58.843 90° 88.1° 43.775 45.225 | 13.618 13.618
80.8° 90.0° 71.099 | 59.754 85.0° 83.1° 43,482 44,932 14.822 14.879

Figure 19. Spoke/Rim Kinematics
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Actuator requirements were determined and submitted to a subcon-
tractor for detail design. Kinematic practical considerations dictated the
use of identical actuators (spoke and rim hinges) at all locations. Maximum
actuator load occurs at the spoke locations, being approximately 550 pounds
tension for 500 pounds hub weight (Figure 11). Calculations indicate a
maximum load in the order of 100 pounds axial force at the rim locations,
if properly adjusted. No significant actuator compression loads were found
to exist. Conservatively, 1000 pounds tension and 200 pounds compression
were specified as the design operating loads. Trade offs between motor
size and operating time resulted in a final operating selection of two
minutes. The motor employed was found to require braking to maintain
required synchronization, so dynamic braking has been incorporated. The
final actuator design in drawing 627W52A, which is included in the appendix.

Electrical

The electric motor drive actuators and the control console are the
major design consideration of the electrical system. The electric actuators
were designed and fabricated by the Consolidated Controls Company, while
the design and construction of the control console were achieved by the
contractor.

Electrical Motor

The design requirements for the electrical motor driven actuators
are discussed in the preceeding section. The characteristics of the result-
ing selected actuator motor are tabulated as follows:

Actual available space in the structure of the model elements placed
certain limitations on minimum motor voltage. The 200-plus volt operating
regime was selected to present a satisfactory motor envelope size for the
great amount of work to be done. Motor data is as follows:

3¢, 4 wire, 400 cps

0.09 hp 50% eff

@ 200 volts line

dA = 1.1 amp, 41w T = 4 oz in. start
¢B = 1.08 amp, 39w T = 3.92 oz in. run
¢$C = 1.08 amp, 38w
line current = 2 amp start
- 34 -
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Figure 21, Overall Final Kinematics
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powered from a d-c supply added within the contactor enclosure. (They
were 60~ , 208v solenoids. The modification was dictated by delivery
schedule of a 400~ unit. ) Eighty-three volts are developed across the filter
capacitor until the deploy or retract relay is energized. There is then
adrop to approximately fifty-four volts untii the solenoid plunger moves suf-
ficiently to break an auxiliary contact shunting a 902 limiting resistor.

At this time the voltage drops again to about 25 where it remains until

the control (deploy or retract) relay is deenergized. The limiting
resistor maintains the wattage in the solenoid at a conservative level,

A neon lamp and a phase sensitive relay are connected between the
circuit breaker and the contactor. The lamp indicates 3¢ power is present,
and the relay requires power on all three phases in the proper sequence and
magnitude (10 percent) to energize. If this relay does not energize, no dc
relays can be energized. This ensures that source power will have the
proper characteristics, i.e., prevents a possible phase reversal from
driving the motors against limit switches which are not sensitive to that
direction of travel.

The common of two twelve-volt battéries in series is connected to
chassis or power ground together with the 3¢ neutral line. Batteries were
selected on the basis of availability, cost, and current capacity. Approxi-
mately 55 amperes are required for about two seconds during motor

stopping.

The most negative terminal of the two batteries is the return for all the
dc relays (including time delay relays). The most positive terminal is con-
nected to the power switch. Closing the power switch applies twenty-four
volts to a meter intended to give a rough indication of battery condition. The
meter should never drop below twenty-two volts. An interlock jumper is
connected from P 1-A to P 2-A to ensure that power cannot be routed to the
model unless all circuits (especially limit) are closed.

If the power switch is closed, P; and P} are installed, and the phase
sensitive relay is energized; the control switch is effective in the retract
position. It is not effective in the deploy position until a lockout relay
becomes energized. This is done by placing the control switch in
the retract position until the model is fully retracted, and all time delay
relays have relaxed (approximately two seconds after striking the respective
limit switch)., The advanced and retract relays determine whether
the upper (deployed) limit or lower (retracted) limit switches will be
energized, and it isolates them from each other.

- 37 -
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Placing the control switch in the deploy position will allow current to
pass through the contactor auxiliary contact, which prevents energizing a
contactor solenoid until the other solenoid's plunger is clear of a mechani-
cal interlock. (This feature is included for both deploy and retract). The
current can continue through contacts of the lockout relay to the DEPLOY
relay coil.

Once energized, the deploy relay latches in through its own contacts
until either the control or power switch is turned off. Deploy relay contact
applies power through the upper (deployed) limit switches to the control
relay which in turn actuates the time-delay relay, then, drops out the lock-
out relay. Another set of deploy contacts energizes the F contactor solenoid

which routes 3¢ power to the energized-control relay and then to the motors..

After approximately 2 minutes, the actuators have changed length i.e.,
become short enough to cause the switch to contact a striker which
depresses the switch plunger. This actuates the switch and removes power
from the control relay associated with that switch. Relaxing the control
relay removes a-c power from the motor and dc power from the time delay
associated with that control relay.

Although powz2r has been removed from the time delay, the contacts
will not relax for approximately two seconds. During this time 12 VCD is
routed through the actuated time-delay contacts and through the relaxed-
control relay contacts to the motor dc dynamic braking.

One battery is loaded with 8 motors and the other with 7. Twelve
volts at about 6. 55 amps should stop motor rotation in approximately one
second. After all motors have stopped, returning the control switch to
OFF will relax the deploy relay, which in turn, will remove power from the
contactor solenoid. At this time the only battery drain is the dc meter and
the phase-rotation, indicating lamp.

Diodes were added, where practical, across the relays and motors
to reduce noise to other systems and to prolong contact life.

The required power source for operation of the control console is
tabulated below:

220/115 VAC, 4 wire Y (star, 400 cycle per second, 10KVA minimum)

Z batteries each 12 VDC. Delco-571 or equivalent.
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STRUCTURAL ANALYSIS

The 1/10 scale model of the space station is a functionalunit to demon-
strate the packaging and deployment concept of the full-size Self-Deploying
Space Station. The model is designed to deploy and package automatically by
use of fifteen mechanical actuators. There are two actuators at each module
joint and three spoke actuators at the central hub. Two additional structural
joints near the end of each module were incorporated into the design to
provide for a change in the hinge and actuating system, in the event the in-
stallation of another system is desired.

The data in this section present an analysis of the loads
developed on the model in a 1-g environment when oriented with the base of
the hub parallel to the floor. Included are an analysis of the design-loads
criteria, estimated component weights, a free-body diagram showing the
applied loads and reactions and points of application, a summary of the loads
calculated, and an analysis of the effect of adding ballast to the central hub.

DESIGN I.LOADS CRITERIA

The design loads for the model are developed by the spoke actuators
lifting the modules at 1-g into their deployed position. The limit load on the
components was determined by selecting an arbitrary load factor of 1.7 to
account for dynamic effects. The sizes of the structural components were
then determined by using a safety factor of 1. 5 on limit load, and comparing
stresses for the ultimate loads with the allowable ultimate strength of the
material.

METHOD OF ANALYSIS

The loads analysis consists first in defining the kinematics geometry.
This was determined from the three mechanisms comprising the spokes
actuation, module actuation, and the telescoping spoke mechanism. All
actuators are synchronized so they are of the same length at the same time
during operation. The analysis was made by varying the spoke angles, 0, at
10° intervals and solving for the actuator lengths. From the actuator
lengths, the rotation of the rim modules and the distances from the hub cen-
ter line are determined. The telescoping effects of the spoke are now
determined from the distances from the hub center line.

After the kinematics geometry is defined, the interacting loads may be
determined. One-g conditions were used to develop the interacting loads.

- 39 -
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The ultimate loads are obtained by multiplying them by the ultimate load
factor, Spoke and module actuator loads are determined by obtaining the
summation of moments about the respective hinge points to produce static
equilibrium. The inner spoke is supported on rollers fixed at the outer spoke
in the fully deployed condition. When the model is packaged, suspension
cables are provided to secure the rim modules and inner spoke to the spring
at the central hub. The applied load from the modules are reacted by the
normal component on the rollers and tension in the suspension cables. The
equations used to develop the kinematic geometry of the spoke, module link
actuating mechanism, and telescoping spoke mechanism are given on pages
41 through 46. The equations used to determine the interacting loads are
developed on pages 46 through 50. The calculation of the geometric values
and of the magnitude of the loads are presented in Tables 1 through 10.

WEIGHT STATEMENT

Estimated weights were used in determining the lg static loading
conditions. The estimated weight distribution to the spokes and modules is
obtained from the following list.

Modules drawing Number 7103-51 178. 65 1b
Module links 7103-58 12. 64 1b
Module actuators (Assume 10 1b each) 120. 00 1b
Module Wt 311.29 1b
Inner spoke wt 7103-12 25.08 1b
Outer spoke 7103-3 44. 00 1b
7103-8 3.78
7103-17 2.94
Outer Spoke Wt 50.72 1b
Hub structure 270.32
Hub actuators 30. 00
Hub Wt 351.04 1b
Total Weight 738.13 1b
- 40 -
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SPOKE KINEMATIC GEOMETRY |

G, HUB
[~—-1. 156 IN,
c=6.188
J_Z—_Z SPOKE
b=/ 7.75"+1,15 =7.83IN, / ACTUATOR

FIXED

P
@ = ARC TAN, = 1.156/7.75 ot

a=8°-29FT

CONSIDERING THE INCREMENTAL

SPOKE ANGLE = @ =0%FULLY DEPLOYED) 7.75 1N, |
B=60-a+¢@
B=(51°-31FT)+8 2
SPOKE
THUS THE ACTUATOR LENGTH MAY BE DETERMINED HINGE
FROM THE TWO SIDES AND INCLUDED ANGLE OF THE POINT
OBLIQUE TRIANGLE BY USING THE LAW OF COSINES. ) esim
a2=pZ+c?-2bcCOS B /
02-7832+5.188 2 - 2(7.83)6.188 COS (9+51° =31 FT)
a2 =99.72-96.8COS ( 6+51° - 31 FT)
MODULE KINEMATIC GEOMETRY
LINK ACTUATOR MECHANISM
4=vio272+3.3552
d =10.81
_ 3,375
Y = ARC TAN, = o2

3,375 IN,

¥=18° - 10 1
18" = 10" (DEPLOYED) DEPLOYED

10,27 IN,
Va d
CONSIDERING THE INCREMENTAL
MODULE ANGLE = @ =0 (FULLY DEPLOYED)
5,00 e
8= &+ ¢ J ’7
6=08°-10n+9¢ \—— é
o2 =el+d? - 2dCOS 8
HINGE
POINT
PACKAGED
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2 ey
cos § o&tdi-a’ _ 50%+T0.812-df
2ed 2(5.0)10.81
2
_141.9-a
cos s = H2te
2
. _ 41.9-a
~b=ARCCOs = 2T

& =6-08-10F

MODULE KINEMATIC GEOMETRY
TELESCOPING SPOKE MECHANISM - A

SPOKE HINGE
o ‘
4,87 IN, POINT
0.25 € 15°
PLANE NORMAL { /\ £|‘{ ‘ !/
TO G, HUB
5 . 1 /
[o]

§=Vi872+0.252 =4.88IN.

€ = ARC TAN, = 0,25/487
€ =2° - 56' (DEPLOYED)
IN THE FULLY DEPLOYED GEOMETRY,

je: 6=0; AND ¢=0

THEN: £ =15-(2°-56 FT) =12° - 4 FT

FOR INCREMENTAL ANGLES BETWEEN 0° TO 90°
t=02-4FN+6

FROM THE TWO SIDES AND INCLUDED ANGLE, THE
REMAINING SIDE "g" IS DETERMINED

g2 = 8524¢-26.5fCOS ¢

92 =5352+782- 2(6.5)4.88 COS [(12° -4FT)+ o]

o2 =66.12 - 63.4 COS [0+02°+ 4 D]
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CABLE PITCH DIA = 1.468
R=0.734

CROSS OVER LENGTH:

2 2172
o =2[(_§_)_ 4(0373-1) ]

es [f-2m) 7

g, = /o® - 2.157

ajo

0,734

ARC LENGTH OF CABLE ON PULLEYS:

CROSS OVER PULLEY ARC LENGTHS

9
n=ARC COS —

MODULE KINEMATIC GEOMETRY
TOTAL ARC LENGTH =2 R TELESCOPING SPOKE MECHANISM - B

SPOKE PULLEY ARC LENGTH

¥= ARC SIN iﬂ:_"i

_ 15
ARC LENGTH = ( § +125) R
OMITTING CONSTANT ANGLE;

ARC LENGTH = gR

HUB PULLEY ARC LENGTH
w= w=-¢-¢

TOTAL ARC LENGTH
S(m-w)R=({+Y)R

THE SUM OF THE CABLE SEGMENTS ARE AS FOLLOWS:

LENGTH=2g+gI +R@up+ Y+ (2+yY)

=2+g, *R@2n+2 v+i)
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MODULE KINEMATIC GEOMETRY
TELESCOPING SPOKE-A

SPACE and INFORMATION SYSTEMS DIVISION

d
l G, HUB 1
VT, 05° +2(6.85) °
= 82,0 IN,
¢ 81,05 ' 90.0
ARG AN, 176
— .55 _ o .
m =90 - 10 FT,
[
—_ .
]
a Nt
I 6.55 IN, G, MODULE
d=COS 30° (82) COS (¢-7) =82COs (¢- ¥°-10Y) cos H°
d=71COS (¢-0)=71COS (¢-(%0°-10)
IN THE FULLY DEPLOYED COND:
d=71COS ($°-10)=70.1
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MODULE KINEMATIC GEOMETRY
TELESCOPING SPOKE - B

DETERMINATION OF THE CHANGE
IN SPOKE LENGTH " 4L"

(70.1 - AL,) COS 6 =d2+ 1.45 SIN 8

70.

Al

alL

d, + 1,45 SIN 6

_ 9
1- 4L= o5 @
dy+1.45SIN 6

=70.1-
s cOS

- d-12.79+1.45SIN 0
= 70.1- COs ¢

= 70.1 - 201 cosf(@-(9° - 10)]+1.45 SIN 9-12.79
s ’ COS 6

THE CABLE TRAVEL AT THE CENTRAL HUB
SPRING LOCATION

4L =41 - AL
c $
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HUB
HINGE
POINT
—10
1,45 IN,
MODULE
HINGE
POINT
|1
7
(70,1 - AL
) 1,45 SIN@
{70.1 - AL,) COS6
SID 62-1302




NORTH AMERICAN AVIATION, INC. SPACE and INFORMATION SYSTEMS DIVISION

KINEMATIC GEOMETRY
DISTANCES FROM SPOKE HINGE POINT

d, =d+1.76
d,=25COS (11°+8)
d,=6.188 COS (-30° + 6)
d,=13COS(19° + @)
=6.5CO5 (15°+ 6 )
=6,188 SIN (-30° + 9)
=13SIN(P+ 9)
=6.5SIN(15°+ @)

PRE-LOADED SPRING
LOCATION

h
h
h

U WL AW N -

NORMAL DISTANCE
TO SPOKE ACTUATOR, x: b

e - _b
SINB SIN u

SIN =% SINB !

(= 6188 (7.83) SIN B

a

. 48.iSIN B

/——SPOKE HINGE POINT

|
G, MODULE

] <—d5
d

INTERACTING LOADS

The spring located in the central hub is designed to assist the modules
and inner spoke mechanism in the gravity environment. When the model is
in the fully-packaged configuration, the spring should be near its maximum
deflection, or extended to the provided limit stop. A diagram of the posi-
tions of the loads to be calculated is illustrated in Figure 22.

The spring is installed with a pre-load of 7 pounds.

Spring Constant

4 6 4
c . Ed_ 11 x 10 (.207) _ 19 pounds /in.

8Dn 8(1.913)°19
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PS =738,13 LB

TOTAL WT =738.13 LB /

_ 738.13 _
TOTAL WT PER SPOKE = —3— = 269.04 LB

i
SIGN CONVENTION (+) COUNTERCLOCKWISE LP-

—
/ ‘ l l Ol‘ ‘ol
unn “YFTGH'T‘ T !

(351,04 LB)
(TOTAL)
SPOKE
Ry HINGE
POINT

R
R p - 311.29 B OUTER SPOKE WEIGHT
P 3 (50.72 LB)
(TOTAL)

-

INNER SPOKE WEIGHT

(25,08 LB)
(TOTAL)
MODULE WEIGHT
(311,29 LB)
(TOTAL)

Figure 22, Free Body Diagram of Structural Components
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Spring Deflection

Due to 7 pound pre-load

AL :—g-: 7/19 = 0. 368 in,
Due to maximum extension
Allowable travel = 8 in.
Total deflection = 8, 368 in,

Packaged Station Spring Load

P =CAL= 19(8.368) = 159 pounds

Interacting Loads

SPOKE ACTUATOR REACTION R

V3=R,COS (1 + )

H3=R35IN(ll+ 9)

3

Suspension Cable Reaction R

4

.= SPOKE AND MODULE WT = 269.04 LB

CABLF tENGTH = 34.4 IN,
ANGLE "WITH HUB ¢

d, +7.85-3.0

4
34.4

d4+4.85

34.4

7 = ARC SIN
T = ARC SIN

H4=V4TAN.T

P4=V4/COST
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Inner Spoke Cable Reaction R

5

Ry=C(AL+0.368)
V5 =Rs COS A R v
Hy =Ry SIN A

WHERE: A =@ - € - 90° = @ - (92° - 56 FT)
ANDw=m-{-¢

Determination of Spoke Hinge Moment, Ms

Ms = +Pdm+ PZdZ - V4d4 —V5d5+H4h4+ H5h5

Inner and Outer Spoke Reactions

The weight of the inner spoke is assumed to be uniformly distributed
and the CG is located in the center or 15, 34 inches from each end.

Total weight of inner spokes = 25.08 1b
25.08

Weight of each inner spoke = =8.371b

Module weight distributed to each spoke

p, =311-29 143 76 1b
1 3
[(28.42—ALS) - 15. 345] 8.37 cos ©
Rp = 10
[(28.42-AL )103.76]cos e
4 s
10
R, = 10.376 (28.42-AL 1 —§—'i—)
A0 (28.42-AL ) cos © +(103.76
- 49 -
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RA:

= - .3 ©
RB RA (103,76 + 8.37) cos
RB:RA—IIZ.I cos

Module Loads

on the structure were calculated.
values of spoke angle, ©, from 0° to 90°.
actual calculations of the loads.
condition of no ballast in the model hub,

Length of one module segment:

d +6.7+7.85 d + 14,55
m m

cos 30° - . 866

L=

Hinge moment:

M _ Module wtx L 311.29 x-£
m 2(6) 2(4) ~ 12 8
M =3.24L

m

Module actuator load:

x =SSinY
m

R - M
X
m

SPACE and INFORMATION SYSTEMS DIVISION

10. 376 (28.42—ALS) cos © (1.081) = 11,2 (28_42-ALS) cos ©

By using the equations developed in this section, the interacting loads

- 50 -

Table 1 summarizes the loads for various
Tables 2 through 10 contain the
The calculations shown are based on the
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Table 4. Kinematic Geometry - D

@+ @ Al ALAIj ZL
& | 1.45sin @ d -12.79 Cos 6 | 57.31-0® c s
0 0 70.1 57. 31 57.31 0 0
10 . 252 70. 4 57. 86 58. 7 -1.39 .98
20 . 496 66.5 54,21 57.7 -.39 3.55
30 .725 60. 6 48. 54 56. 0 1.31 6.50
40 .932 53.5 41. 64 54.3 3.01 7.13
50 1.11 45.1 33. 42 51.9 5.41 7.27
60 1.255 36. 4 24. 87 49.7 7.61 7.47
70 1.36 27.6 16.17 47.2 10.11 7.22
80 1.43 19.2 7.84 45,1 12.21 7.27
90 1.45 11.3 0 0 %8, 00

Note: The spring is limited to 8. 00 inches travel

EFFECTS OF BALLAST IN THE CENTRAL HUB

Due to the addition of ballast the vertical reaction component of the
suspension cable V4 will be increased as follows:

Ballast wt

V, = 269.04+ 3

4

The spoke hinge moment, Mg and spoke reaction R3 is determined as
previously, using various values of Vy4.

In designing the model, a cable support was attached to the spoke
causing the hub to act as a counterbalance to reduce the load in the spoke

actuators. It is evident from an examination of the free body diagram
(Figure 22) that an increase of the hub weight would result in a spoke
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actuator load decrease. The calculations for the reaction loads presented
in Tables 1 thru 10 are based on no additional ballast load in the hub.

Table 11 summarizes the calculations for determining spoke actuator loads
with various amounts of ballast in the hub. The results of these calculations
are plotted in Figure 23 as a function of the actuator length. The module
actuator load is also presented on this figure for reference. Figure 24
shows the maximum load in the spoke actuators as a function of the amount
of ballast that is placed in the hub.
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NO BALLAST

90 LB BALLAST

180 LB BALLAST

270 LB BALLAST

360 LB BALLAST

SPOKE ACTUATOR
(TENSION ONLY)

SPOKE ACTUATOR
(TENSION ONLY)

MODULE ACTUATOR (TENSION OR COMP)

ACTUATOR LENGTH (IN.)

Figure 23, Actuator Load Versus Length (lg)
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BALLAST IN CENTRAL HUB (LB)

,, 1 1 1

500 550 600 650 700 750 800

MAXIMUM SPOKE ACTUATOR LOAD (LBS)

Figure 24, Ballast Versus Maximum Spoke Actuator Load (1lg)
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FABRICATION OF MODEL

It became evident that if the design, strength analysis, fabrication and
testing of a. 1/10-size model of the space station were to be accomplished
between mid June and mid October, close coordination of all aspects of the
operation would be necessary. A unit within North American Aviation--The
General Office Orientation Group--which had extensive experience in the
production of display models with ready access to subcontractors for non-
flyable hardware, was selected as fabricator. Drawing release, parts
rejection and salvage were reduced to a single relationship between the
engineering and manufacturing elements.

The tools of manufacture for the model were held to an austere limit,
with heavy emphasis on bench layout of the actual parts. Some of the various
component parts and their method of fabrication are shown in Figures 25
through 32.

Final assembly of the model was accomplished on wooden cradles rest-
ing on the flat factory floor in the deployed position. Freedom from
constraint as assembled was accomplished by hand fold-up of the rim
modules and spokes, while secured to the hub prior to installation of the
actuation system. Internal wire harnesses to the actuators and their limit
switches, were spread on the floor, and installed concurrently with the final
assembly.
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Detail Parts

Figure 25.

700-98-158
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Figure 26.
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Cage Assembly Showing Spring
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Hub Base Weld Assembly

Figure 29.

700-98-162
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Rim Module Skin Details

Figure 31.
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RIGGING OF MODEL FOR OPERATION

Preparation of the tenth-size model of the space station for powered
operation is dependent on an accurate adjustment of all limit switches,
which stop joint motion at both the stowed and deployed configuration, and
also on installation of the deployment actuators at a common length at all
locations.

Since all actuators in the system have the same travel, direction, and
time element; and the nominal travel of actuation is seven inches, with an
allowed quarter inch of overtravel in either extension or retraction; it is
apparent that the elements of the model are held symmetrical by the similar
lengths at which the actuators are installed; and the limit switches, which
stop motion, control the final static relationship of the folded, or deployed,
parts of the model.

A precise length of all actuators as assembled would be relatively
impossible because of natural accumulation of tolerances in the spoke and
module attachments. Similarly, the need for such exactness would likely
be avoided, even in a final product for space. In the case of the model,
spoke actuators were installed at their true length with the system uncon-
strained, after which the modules were spaced 1. 10 inches apart with blocks,
and held in position with tension straps, while their actuators were installed
closely within the design extended length of 13 1/4 inches. A rim module
actuator was not considered improperly installed at 13 1/4 (plus or minus
3/32 inches). With all actuators installed, the limit switches, which control
final stowed position, were then set to signal, ''stowing power OFF and
braking power ON'", approximately 1/64 inch prior to the block position.

With the electrical system checked out, the actuator lengths properly
installed, and the stowed position limit switches adjusted, the system was
driven to a deployed position and stopped by hand switch so the deployed
position limit switches could then be adjusted to signal '"deployed power OFF
and braking power ON'", approximately 1/64 inch prior to the final deployed
position.

An explanation for adjusting limit switches to a 1/64 inch-preload is
that the rate of rotation of all switch striker-plates is approximately 1/32
inch per second, and full actuator motor-braking to a full stop occurs in
about one second. Therefore, the average striker plate motion, once power

is switched from drive to braking, is approximately half the rate per second
or 1/64 inch.
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A significant point in full stop control by limit switches alone is the
permanent relationship between the lengths of the actuators and the position
of the switches, with the only variable existing in the model. This prevents
an accumulation of error which could otherwise lead to unsymmetrical posi-
tions of the moving parts.

Spokes in the model must coordinate with the rim modules in angular
travel and extension. This function is controlled by a cable system identi-
cally situated in each spoke, and it is adjustable to a properly rigged posi-
tion by means of a threaded stud located in the inboard end of the spoke to
module hinge interface (Figure 32).

The threaded stud is not accessible for adjustment to the rig dimension
shown in Drawing 7103-56, if the model is assembled because the module
covers the location at the outer spoke joint when deployed. The only
satisfactory means of adjusting the cable lengths to the rig measurement
after deployment of the assembled unit is to lower the deployed model to
ground supports and disconnect the rim modules from the three spokes
which will then permit exposure of the adjusting studs.
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TESTING OF MODEL

Structural testing of the model during construction was not considered
necessary because conservative strength margins were imposed during
design. Furthermore, it appeared that a model-joint rate of .motion of 3/4
degrees per second would allow ample time to stop the model by means of a
hand override switch should an actuator fail to coordinate with the system
and begin to impose bending loads on the model. Visual inspection would
reveal such a failure.

Cable assemblies, all of which support dead weight of all or parts of
the model, were proof loaded to 60 percent of the rated breaking strength of
the cable according to the design standards of S&ID and MIL-C-5688(FA6-1).

Actuator specification requirements were established by
S&ID, These requirements included 1000 pound maximum axjal
force with a maximum variable between units of 2 percent in time or travel.
A life cycle of 200 complete operational excursions was imposed on the
actuator design. A five-minute interval was allowed for motor cooling
between each direction of stroke.

The supplier selected to design and manufacture the model actuators
constructed a load cell suspended in a frame to qualify the units. The test
fixture (Figure 33) consists of a hydraulic strut that imposes a load directly
on the free end of the operating specimen actuator as hydraulic pressure is
unloaded from the strut by means of a hand valve. Axial alignment of the
loaded column about the pin joint between the hydraulic strut and the
actuator being tested is maintained by a carriage that guides the strut along
fixed tubular tracks.

Actuator qualification commenced concurrently with the final assembly
of the model. Early tests of the actuators against the load cell made it
apparent that the units would operate at the required 1000-pound axial load,
but that the motors would become desynchronized at about 450 pound force,
or half of the requirement,.

The behavior of the motors above 450 pound axial force was shown by
testing to be similar to the behavicr of induction motors in that a gradual
increase in force produced a gradual decrease in speed. No recordings of
speed reduction were taken because the deployment system could not operate
with any of the several actuators unlocked from the power cycle.
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The actuators were conditionally accepted from the supplier by S&ID in
spite of their inability to qualify to the specification because it was assumed
that they would operate sufficiently well to meet scheduled model demonstra-
tion commitments.

The model delivered to LRC included actuators that have been rejected
by S&ID and are subject to rework when the method of improvement is
established.

The supplier is conducting a test program on a single unit. This unit
is being redesigned and reworked to improve drive efficiency to meet the
specification.

Table 12 is a log of the operation of the model with notations on

malfunctions.
Table 12. Model Operation
Date Time Remarks
9-20 10:00 AM | Deployed satisfactorily; broke one spoke actuator
during foldup; structural interference with body
end of actuator; folded satisfactorily after
correction
3:00 PM | Deployed and folded satisfactorily
9-21 3:15 PM | Deployed satisfactorily; broke spoke actuator dur-
ing foldup; structural interference with larger
screw on jack end of actuator; folded satisfactorily
after correction
9-24 11:00 AM | Deployed and folded satisfactorily
9-25 9:30 AM | Deployed and folded satisfactorily
9-26 6:00 PM | Deployed and folded satisfactorily
9-27 2:45 PM | Deployed and folded satisfactorily
3:10 PM | Deployed and folded satisfactorily
9-28 9:30 AM | Deployed and folded satisfactorily
4:30 PM | Deployed and folded satisfactorily
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Table 12. Model Operation (Cont)

Date Time Remarks
10-1 11:00 AM | Deployed and folded satisfactorily
2:00 PM | Deployed and folded satisfactorily
5:00 PM | Faulty relay prevented deployment; no motion;
relay was replaced
10-2 1:00 PM | Deployed 10 degrees before it became evident that
actuator at location M9 did not function; inspection
revealed that motor was in operation but final
gear in train had slipped to disengagement;
actuator was replaced
5:00 PM | Deployed and folded satisfactorily
10-3 11:15 AM | Deployed and folded satisfactorily
10-12 9:30 AM | Deployed and folded satisfactorily
11:30 AM | Deployed and folded satisfactorily
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MODEL OPERATING PROCEDURE

In accordance with the design of the model control system, the follow-
ing sequence is presented to guide operating personnel:

1.

3.

Turn on the power switch, The meter should read between 23
and 27 vdc and both indicator lamps adjacent to the meter should
be lit.

Place the control switch in the retract position until the model
is completely retracted.

At this point, the model may be deployed by placing the control
switch in the deploy position.

The following points must be observed when operating the model:

1.

Allow at least 5 minutes for motor cooling between each cycle
of the model.

Keep a hand on the control switch continuously during
deployment or retraction of the model.

Turning off either the control switch or the power switch will
stop the model drive.

Always return the control switch to STOP after reaching a
limit, and do not toggle the control switch indiscriminately.

The model must be fully retracted before it can be deployed.
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PROPOSED TEST PIL.AN

Because the completed model of the space station was shipped to
Langley Research Center several days earlier than was originally intended,
S&ID was not able to perform many measurements or experiments. There
are a number of experiments that should be performed with the model
because they could contribute valuable data upon which to base the design of
the full-scale SDSS. Several experiments of interest are listed in this
section. The listing is not intended to be complete, and it does not define
relative importance or a preferred sequence of the experiments.

NUMBER OF ACTUATORS REQUIRED FOR DEPLOYMENT

In designing the model, two actuators were placed at each module joint.
It is believed that the deployment would still proceed satisfactorily if the
actuators were removed from alternate joints. In performing this experi-
ment, the three pairs of actuators should be completely removed from the
model. Care should be taken that binding does not occur in any of the joints.
This should be checked by means of visual inspection of each of the joints
during the deployment sequence.

This experiment might be varied by removing one actuator from each
joint to determine if satisfactory deployment could be accomplished in this
matter. Itis suggested, however, that this variation of the experiment be
attempted only after considerable experience with model operation has been
attained.

ACTUATOR LOADS

An analytical determination of the loads that would be encountered in
the spoke and module actuators was made during the course of the design of
the 1/10-scale model. It was not determined whether the actuator loads
would be greater or less than the calculated loads. The experiment to
determine this would consist of placing strain gauges at appropriate locations
on the actuator attachment brackets. The gauges should be placed in a
location that would permit readings to be obtained throughout the deployment
cycle; i.e., they cannot be placed on the moving screws of the actuators or
in any similar location. Readings should be taken throughout the deployment
cycle. It would also be desirable to measure the loads on the actuators
during the course of the experiments described in the preceding paragraph.
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SYNCHRONIZATION OF ACTUATORS

The actuators that were installed in the space station model were
designed to operate at a speed that would not vary by more than 2 percent
among all the actuators. It is realized that the slight difference in rate of
operation may require that the actuator lengths be adjusted after a certain
number of deployment cycles. This assumption has not been confirmed,
however. It would be desirable to precisely measure the lengths of each
actuator at the beginning and at the end of the deployment cycle for each
operation. If a log of these measurements were kept, it would provide an
indication of when and if any actuator might need some adjustment. It is
possible that this particular installation of microswitches may prevent any
significant build-up of error in actuator position over a period of time. The
advisability of keeping this log is obvious, for the actuator may overrun its
extreme positions before contact is made with the microswitch,

SYNCHRONIZATION OF SPOKE LENGTHS

It is believed that it will be necessary to provide a positive control
mechanism on the telescoping spokes of the space station. The kinematic
analysis has indicated that it is unlikely that deployment could occur satis-
factorily without control of spoke lengths. It would be desirable to determine
the degree of asymmetry that can be tolerated with respect to spoke lengths
before binding would occur in the joints.

This experiment could be carried out rather simply by lengthening the
cable in one spoke by relatively small amounts, deploying the model, and
measuring the loads in each of the actuators. The cable could be gradually
lengthened until excessive binding would begin to occur in the joints,

An extreme test would involve the complete elimination of the spoke
synchronization mechanism. This test would have to be performedverycare-
fully, because it could easily result in structural damage to the model.

SYNCHRONIZATION OF MODULE ACTUATORS

While it is obviously desirable to maintain complete symmetry of
deployment in the SDSS, it is recognized that there may be occasions when
symmetry would not be maintained, particularly if actuators should be
mismatched. To determine the degree of asymmetry that could be tolerated,
one or more module actuators can be made to operate at a lower rate than
the others. Alternatively, the initiation of the operation of one or more
actuators can be delayed for a prespecified period of time. The extent of the
loss in synchronization among the actuators can be varied to determine what
limits may exist. As in previous experiments, it would be desirable to
measure the loads on the actuators during all deployment cycles,
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. PROBLEM AREAS

During the six-month feasibinty study, several problem areas in the
design and development of the SDSS were foreseen. These problems do not
detract from the feasibility of the concept; they are simply pointed out as
areas that will require a greater-than-average amount of attention in the
early phases of a development program. In a number of cases, a problem
area has been so defined primarily because of a lack of data on that area or
because design detail has not developed to a point where a decision could
clearly be made on an optimum solution. The problems discussed herein
are grouped according to major technical areas.

VEHICLE DESIGN

APOLLO DOCKING

The Apollo Spacecraft Design group has already considered docking
from the standpoint of vehicle requirements. Sealing of the Apollo to an
airlock, the clearance of a hinged cover exposing the exit port, and certain
aspects of vehicle lock-on have been investigated.

The exact design of a mating dock to coordinate with Apollo is incom-
plete. A bellows that would embody the features of a flexible interface may
be possible. A design should be worked out based on velocity criteria
of the closing phase of rendezvous, with emphasis on a dock adapter that
will accept the vehicle with some residual angle, translation, and closing
velocity.

ZERO-GRAVITY DOCKING TURRET

A turret structure capable of being de-spun to zero space acceleration
should be investigated from the standpoint of elements which hold the turret
in concentric position over a pressurized hub without constraining the turret.
Rollers, if used, must roll on a raceway that is not sensitive to changes in
the diameter of a hub caused by pressure changes inside the hub. Concen-
tricity of motion must be held to an order sufficient for passage/dock
matching after turret spin-up.
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The materials used in the drives and the driven structure must be
compatible (i.e., they must not weld together in an orbital environment).
Consideration should be given to the design of a shielded docking facility or
a completely enclosed logistics vehicle repair facility if the need for these
is established.

BOOM BEARINGS AND DRIVES

The same problems of material and passage/dock matching that apply
to the turret apply to the Apollo stowing booms. These booms must coordi-
nate at a sealed interface with a central dock at the top of the turret for
incoming Apollo logistics vehicles., They must also coordinate at the side
stowing locations on the turret in order to permit a sealed passage way to be
made between the space station hub and the Apollo logistics vehicle. Drives,
of course, must be operable in the station environment.

HUB-TO-MODULE CONNECTIONS

The folded modules transmit the structural loads to the interstage
structure between the space station and the S-II. Rigid connections hold the
modules together and hold the hub of the space station securely on top of the
cluster. The release of all connections should be a coordinated operation
and must occur without causing damage to the structure of the space station.

The use of explosive studs and the use of initiators to free latches
must be investigated to ascertain which release mechanism will be most
suitable and reliable.

SPOKE EXTENSION

As deployment occurs, the modules form a symmetrical pattern at any
instant., The spokes must extend at a precise rate to match the expanding
rim and to avoid restraint of the deploying symmetrical system.

The 1/10-scale deployment model uses a system of cable payout to
hold the spokes at the correct length. In this system, the cable always
carries the weight of the modules. In deploying the space station in a zero-
gravity environment, no forces except the inertia of the structural elements
and the friction between connections will be encountered by the deplayment
mechanism, The deployment of the space station must, therefore, be
positively controlled. Such a control may be obtained through the use of
programmed gear drives. Alternatively, a drive with a continuous reference
to the symmetry of the space station can be used.
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FINAL SPOKE ADJUSTMENT

The conclusion of deployment and the latch-out of modules could be
hampered if the spokes became tight tie rods prior to the completion of the
flare-out. In such a situation, excessive module actuation forces could
occur, either because of a poorly-adjusted spoke out stop or because of a
spoke-extension drive being out of time stroke,

To avoid such a geometric stall, spokes would likely be driven only to
a position where module actuation could safely take over the extension, leav-
ing an excess of travel freedom at maximum extension, and final contraction
at latch-out. Concentricity of the hub could later be secured by adjustment
of spoke lengths to preload them to geometric symmetry.

EXTENDED SPOKE SEAL

In the basepoint configuration, the spokes are open endedand, therefore,
unpressurized until deployment is complete. Living atmosphere is not
introduced until the airlock doors on the other side of the interfaces admit it,
The rigging of spoke travel so that precise lengths are achieved only after
deployment means, then, that face seals at the spoke extension joint cannot
be used because the exact extent of final travel is not known,

Diametrical seals appear to solve this problem, except that such seals,
if they are positive, must be squeezed between the elements they seal. Such
squeezing could conceivably create sufficient force in the spoke to resist
extension. A seal of this nature that would only be squeezed by annular
shoulders near the end of travel still produces resistance to extension or
contraction at a critical period; in short, seal squeeze prior to complete
deployment appears very undesirable.

Because latent seal squeeze tends to roll and damage the gland, some
means of after-deployment activation appears necessary. This should occur,
however, prior to admittance of pressure. It is possible that a pressure
source could swell a tubular gland and be locked in to produce permanent
squeeze and a qualified atmospheric seal.

SPOKE SWIVEL SEAL
Because the pressure door is in the tubular passage, tubular passage
must remain connected to the spokes in three of the six modules as the

modules rotate 90° and pressure must be retained across the differential
rotation.
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If a squeeze-type diametrical seal or a V packing gland were used, its
resistance to rotation would exert a very high force on the moving compon-
ents, particularly the spoke, Some sort of lip-type gland which seals on its
own pressure may satisfy the function.

The real urgency of this problem appears to be the producing of a
relaxed-type seal that meets the general, stiff station-seal requirement,

EQUIPMENT SUPPORT CONNECTIONS

Removal of equipment and furnishings from the proximity of any internal
wall of aliving area pressure tank appears necessary from the standpoint of
leak repair., Furthermore, the option of not being required to locate supports
at frame and stringer locations only, would permit idealized interior
installations.

Allowing such freedom would require an extensive investigation into a
general bolt insert design, which would take full advantage of the structural
possibilities present in double-wall honeycomb pressure vessels, Not to do
this could doubtless expose living atmosphere to multiple leaks due to fatigue
and questionable strength margins,

SOLAR PANELS

Boosting a payload with fragile external solar arrays secured to the
stacked modules presents hazards to both the arrays and the structure they
are secured to.

This problem appears significant because of the high weight that could
be required to ensure reliability if adroit design methods are not employed.

STABILIZATION AND CONTROL

RENDEZVOUS

It is not known what requirements the rendezvous maneuver would place
upon the space station, The wobble-damping system must be able to dampen
any disturbances caused by the impact of the Apollo vehicle for the purpose of
the self deploying space station study, which assumed that the maximum
docking error that would be encountered is about 20 inches. However, no
evidence exists to substantiate this choice, Information would be available
from the Gemini and Apollo programs in the near future.

DOCKING

The first docking demonstration for Gemini is awaited. The detail
design of the supply vehicle stowing carriage and the control system require-
ments will be affected. Excessive docking impact velocities would be very
difficult to design for.
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SPECIFICATIONS

A wobble-damping requirement from human factors considerations
should be determined. It will also be necessary to determine if there are
any vehicle pointing accuracy (attitude) requirements other than those
imposed by the power generation system and supply vehicle docking
considerations.

SEQUENCE OF OPERATIONS

The sequence of operations from orbit injection to spin-up should be
defined.

VEHICLE FLEXIBILITY FORCING FUNCTIONS

These functions — vehicle response, stability effects (on automatic
systems, damping through structural energy dissipation), structural fatigue,
and human factors — must be defined to proceed with a detailed system
analysis.

INITIAL SOLAR ACQUISITION

It is not known whether a pilot-controlled maneuver would provide
satisfactory initial orientation of the space station with respect to the sun.
Even if the pilot can perform this function, satisfactory trade-off studies
should be made of the desirability of including some type of automatic system
as either a primary or a secondary mode of operation.

PREBOOST BALANCE

A method for obtaining suitable static and dynamic balance of the
station prior to launch needs to be determined.
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HUMAN FACTORS

The major human factors problem is the manning and training require-
ments for the space station personnel. Non-Apollo qualified crews will
probably form part of the early SDSS crews. Study should be initiated at an
early date to define the selection and training requirements for these
personnel. Particular attention should be given to facility and training
simulator requirements in that these items should be available well in
advance of SDSS activation.

A space station simulation facility, such as currently under study by
S&ID, should be of value in solidifying the type of research and additional

facilities needed in support of the SDSS development program.

Research should be initiated immediately to determine easy-to-use
techniques that will desensitize people to rotation for a predictable duration.

A better description of the scientific or other missions planned for the

SDSS would permit a better job being done on the manning and training
requirements study.
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STRUCTURES

The following loading environment should be further investigated:

1-

4,

Boosting trajectories for the Saturn C-5 configuration with the
space station payload, Time history of maximum dynamic
pressure, inertia load factors, altitude and corresponding
temperature environment data are necessary for a more
optimized packaged design.

Increasing development loads for the optimized kinematics
system.

Study of Apollo docking loads.

Study of the space station weight contents,

In addition to the loading environment, a number of other factors
related to the structural analysis should be given additional emphasis.
These include:

1.

Study of the stiffness criteria of the space station during boost,
orbital flight, etc.

Analysis of the support arrangement connecting the modules to the
thrust structure and central hub to select the optimum design of

the space station in the packaged configuration.

More detailed analysis of support arrangement of the docking
turret after loads criteria is established.

Conducting weight trade-off studies of the module joints to
select the recommended design,

Performing additional work on meteoroid penetration
phenomena to further refine the meteoroid bumper,.
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COMMUNICATION SYSTEM

DELINEATION OF EXPERIMENTAL PAYLOAD

The major portion of the communication system capability will be
utilized in transferring the experimental data to using agencies on earth.
The availability of information concerning the experimental data would
therefore facilitate the operations planning and the communication system
design. Interesting features of the data are: format (analog or digital)
bandwidth (or bit rate), duty cycle, required accuracy, signal level, and
urgency of delivery.

ON-BOARD PROCESSING

The space station is expected to have diverse experiments requiring
varying amounts of on-board processing. Some data will require only
storage, whereas other experiments will require on-board data editing,
compaction, and even complete reduction. An investigation should be
conducted to ascertain the effectiveness of various on-board data pro-
cessing schemes in enhancing the overall capability of the station. Par-
ticular emphasis should be placed upon the determination of the most
advantageous application of on-board computer systems.

RELIABILITY

The space station communication system will be far more complex
than any previous space-borne system, and will employ replacement and
maintenance techniques to enhance system reliability during the one-year
mission. Studies should be planned to develop reliability prediction
techniques and verification test programs designed specifically for a
system of this type.

WIDE-BAND RECORDING TECHNIQUES

The space station is expected to require recording of data having
information bandwidths of 1 to 5 mc. To provide time compression it would
be desirable to have read-out rates in excess of these rates. Present wide-~
band recorders are capable of the recording rate but no time compression is
available. 1In addition, these units are complicated and possess limited
recording flexibility. Investigation of the possibility of extending the
capabilities of magnetic tape recorders or of employing one of the newer
techniques should be made. (Thermoplastic recording is considered the
most promising).
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POWER SYSTEM

SOLAR CELL MATERIALS AND MANUFACTURING TECHNIQUES

A comparison of silicon, gallium arsenide, cadmium telluride, and
thin film cell manufacturing techniques should be made. This effort is
required to reduce the cost of the solar cells and ensure the availability
of sufficient quantity and quality in the required time period.

SOLAR CELL PANEL DESIGN

To get the maximum power from the solar cell area, concentrator
techniques, spectrically reflective filters, and thermal control techniques
should be studied, and an optimum design selected.

ENERGY STORAGE

The life of the energy storage subsystem will be one of the factors
which determine the active life of the space station. A charge-discharge
cycle equivalent to one year of orbital life is within present possibilities,
but a three-year cycle is quite difficult to maintain. Regenerative fuel
cells and batteries (such as nickel-cadmium) should be thoroughly inves -
tigated to determine their cycling capabilities.

POWER GROWTH CAPABILITY

Almost every aircraft developed has had the characteristic of a
large increase in power demand late in the development program, and
it is possible the power demands of the space station will grow beyond
economical utilization of solar cells. A study of the space station to
power such things as an oxygen regeneration system, increased power
for laboratory experiments, etc., should be made. This could possibly
be a solar dynamic system attached to the center hub of the space station.

ENVIRONMENT CONTROL AND LIFE SUPPORT

Integration of the various subsystems into a workable system suit-
able for the vehicle is always a prime consideration. It will require
close coordination with the subsystem development contractor by various
groups within NASA and other agencies. The specific problem areas for
various aspects of the Life Support Systems are listed on the following

pages.
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ENVIRONMENTAL CONTROL

Establishment of air conditioning comfort zone parameter values for
extended occupancy at reduced pressure atmospheres, and in gas mixtures
having a high concentration of oxygen

Establishment of the duty schedules, work activity levels, and
metabolic rates for the crew under low gravity conditions

To develop sealing methods to minimize air leakage from the vehicle
through permanent joints (mobile junctures), and through reusable joints,
such as air locks and docking facilities

Evaluation of air leakage due to meteoroid puncturing and methods
of patching or repair and to determine other hazards of meteoroid pene-
tration

To determine the effects of erosion due to micrometeoroid encounters
on the vehicle surface and the space radiator surface and to evaluate the
erosion resistance of temperature controlling coatings or surface prepara-
tions

To evaluate explosion or burning hazard due to meteoroid penetration
into chambers as a function of particle size, chamber size, oxygen con-
centration, and total pressure, and relate to probability of encounter for
average and meteor shower conditions. To determine hazards as a function
of proximity to flammable materials and flash burn effects on eyes

To study the effects of structure insulation to control heat losses,
eliminate condensation on walls, provide sound abatement, and reduce
nuclear radiation

To study the methods of storage, resupply, distribution, and handling
of pressurizing gasses, whether liquid, supercritical gas, or high-pressure
gas

Evaluation of atmospheric contamination and requirements for
minimizing the sources

To develop a system and analysis procedure for a flyable trace
contamination removal system. To determine compounds not eliminated
from the space station atmosphere and the rate of build-up to the maximum
allowable concentration
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To establish a space radiator design for a high reliability, light-
weight, multi-sectionalized system with coolant flow diversion

To establish a system control to prevent coolant freezing in a space
radiator's unused section

Development of a regenerable CO; absorber system including valves,
vacuum vents, etc., to provide reliable operation for long life, with a
study which should include comparison between systems using and those
not using air dryers such as silica gel

To investigate CO, reaction methods for recovering oxygen and pro-
viding a minimum of unusable waste products, while requiring low power
consumption to be used for long duration space missions. To include in
this study the membrane electrodialysis process

To evaluate oxygen recovery methods such as, electrolysis of excess
metabolic water or surplus water supply, to produce some of the needed
oxygen for long duration missions. To establish a practical, high-reliability
system suitable for zero and low g operations

To evaluate requirements or alternative means for long-term storage
of low-temperature liquids and gasses. To determine insulation and ther-
mal control methods

To develop valves for venting to vacuum and resealing to provide a
leak-proof closure. Applications to include uses having low-to-high usage
rates

Development of electronic equipment cooling installation adaptable
to direct connection to the coolant circuit and the space radiator. To
evaluate a comparison between ligquid and gas system

To develop or apply water-recovery processes to water usage
requirements for laboratory or other processing to be used aboard the
vehicle, other than Life Support Systems. To compare the recovery

requirements and system costs with the washing and potable requirements
for LSS

Stowage, discharge, or other handling of process wastes from

- laboratory operations

To establish instrumentation requirements and develop suitable
detection and control equipment to maintain the operation of the
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Environment Control System and Life Support Systems. Measuring
instruments for partial pressure of oxygen, carbon dioxide, and trace
gasses (including unexpected types) should be considered

Development of testing procedures and equipment to establish quality
control for the space borne components and subsystems

Long term sterilization of potable water

To study the use of 80 percent, or higher, purity-hydrogen peroxide
as a source of oxygen, power, and subsequently, water for further elec-
trolysis to oxygen

To investigate the use of glycol coolant (and other equivalent fluids)
to evaluate the composition, and corrosion and phase characteristics as
functions of temperature and pumping characteristics

WATER MANAGEMENT

In the general area of water reclamation, studies are required for
development of continuous recovery systems with low power drain. Trade-
offs on utilizing individual subsystems for potable water from dehumidifi-
cation system water, wash water — or better, from urine and wash water
(singly or combined) - fecal water, and food preparation water waste have
to be reviewed. Systems should be designed and rigorously tested for the
mechanical, chemical and, especially, for the bacteriological aspects of
long term operation.

Presently available vapor compression systems need evaluation for
long-term service and maintenance requirements, odor and contaminant
build up, and space contamination, if space vacuum is to be utilized in
any part of the process. Furthermore, the suitability of present systems,

with respect to the acceleration and vibration forces, remains to be proven.

A further development points to continuous system, smaller weight, and
small power drain. This may come about with improvements in the
compressor. Other studies are needed to:

1. Determine the procedures and treatment necessary for water
wastes, storage, and collection for a zero or low G application

to prevent clogging of lines and harmful bacteria growth

2. Develop methods for long term sterilization of potable and
human cleansing water and storage containers
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3. Develop methods for recovery of usable water from the waste
liquids, and separation of the unusable wastes. Provide treat-
ment and storage for the system's products

4. Devise precautionary measures to prevent contamination of the
purified water from any of the normal inputs of impure water
during normal system operation, and in event of a malfunction
in the system '

5. Develop instrumentation for presentation of system monitoring
information and for determining the purity of the water supply

6. Development of a suitable water separator to remove and coalesce
entrained water

7. Investigate effects of materials and fabrication methods relative
to providing and maintaining the purity requirements for the
water in the Life Support Systems

8. Investigate the electrolysis of water methodology to further
development of a continuous generation of oxygen and hydrogen
at low gravity (1/4 to 1/3 g) conditions. It may not be necessary
to operate at zero g condition; nevertheless, the gas separation
will need investigation along with need for additional circulation
of the electrolyte.

WASTE MANAGEMENT

Areas requiring further study within this subsystem are the collection
devices, pretreatment and storage for urine, for feces (temporary or long
term), for wash water and for food and other miscellaneous wastes.

Critical areas would include overall contamination and odor control,
sterilization of waste fluid systems, and sanitary disposal (cold storage,
incineration, sterilized overboard discharge) of any and all wastes, with
minimum power consumption.

PERSONAL HYGIENE

Problem areas here include the methods for personal cleansing and
bathing, availability of hot water, the types of cleansing agents compatible
with water reclamation processes, and sterilization and decontamination
of personal hygiene equipment. The general problem of suitable clothing
(disposable or non-disposable type) and the associated laundering will need
further study.
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An important adjunct, the dispensary, will need further development
as to type of medicinals and first aid items for minor accidents. There
should be suitable instructions for handling corpses in case of death.

FOOD MANAGEMENT

The problems in the area of food management, including storage,
have been reasonably resolved for orbiting and space vehicles having short
durations; however, studies should be conducted for extending coverage to
long duration missions and to integrating the system with those of water
management, waste management, personal hygiene, and the environment
control system. Effects of diet on the psychology, as well as physiology,
of the crew should be determined. The use of non-residue foods, as
planned for the short term missions, would seem to be illogical for one
year missions. The practices of religious, as well as medically pre-
scribed, or natural environment long-term fasting should be reviewed for
incorporation with applicable methods for space stations and other long-
range duration missions. There are several miscellaneous problems
associated with long term storage of foods under space station conditions.
The development of multipurpose containers for storage, reconstruction,
and subsequent disposal of food waste is desirable.

Methods for detection of microbial agents in food deteriorating in
storage may be also necessary. Emergency food supplies and drinking
water are currently available, and should not pose difficulties.
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APPENDIX

DESIGN DRAWINGS

A complete set of the detail design drawings on the 1/10-scale model of
the SDSS is included in this section. The numbering sequence appears to
indicate that certain drawings are missing; however, this discrepancy is due
to the method used in assigning drawing numbers. The following drawings
are included:

Drawing No. Title
7103-50 Complete Assembly
7103-51A Rim Module Assembly
7103-52A Assembly - Spoke
7103-54 Stand Assembly - Support
7103-56 Mechanism Installation - Hub
7103-58 Link Installation - Module Hinge
7103-59B Base Assembly - Hub
7103-60 External Fairing - Hub
7103-61 Cage Assembly - Hub Mechanism
7103-62 Sling Assembly - Support
7103-66 Hanger Assembly - Hub Suspension
7103-67 Bracket - Spoke Extension Spring
7103-68 Spring - Spoke Extension
7103-69 Hanger - Spoke Extension Cables
7103-70 Keeper - Spoke Extension Cables
7103-71 Bracket Installation Spoke Extension Cable
7103-72 Bracket - Spoke Extension Cable
7103-73 ' Cable Assembly - Hub Suspension
7103-74 Cable Assembly - Spoke Extension
7103-75 Stud - Hub Suspension Cable Attach
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Drawing No.

Title

SPACE and INFORMATION SYSTEMS DIVISION

7103-76
7103-77
7103-78A
7103-80
7103-86
7103-88
7103-90
7103-100
7103-101
627W52
627TW52A

Bolt - Spoke Extension Adjusting

Switch Installation - Module Actuator
Rework Drawing - Module Actuator Fitting
Switch Installation - Spoke Actuator

Rework Drawing - Rim Module Spoke Swivel
Sketch - Model Payload Adapter Fairing
Specification Drawing - Base Mounted Hoist
Control Console - Schematic Wiring Design
Logic Diagram - Control Console

Actuator - Linear Electrical (Outline)

Actuator - Linear Electrical (Detailed)
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Drawing 7103-67 Bracket - Spoke Extension Spring
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Drawing 7103-68 Spring - Spoke Extension
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